ABSTRACT Early type galaxies (ETGs) frequently show emission from warm ionized gas. These Low Ionization Emission Regions (LIERs) were originally attributed to a central, lowluminosity active galactic nuclei. However, the recent discovery of spatially-extended LIER emission suggests ionization by both a central source and an extended component that follows a stellar-like radial distribution. For passively-evolving galaxies with old stellar populations, hot post-Asymptotic Giant Branch (AGB) stars are the only viable extended source of ionizing photons. In this work, we present the first prediction of LIER-like emission from post-AGB stars that is based on fully self-consistent stellar evolution and photoionization models. We show that models where post-AGB stars are the dominant source of ionizing photons reproduce the nebular emission signatures observed in ETGs, including LIER-like emission line ratios in standard optical diagnostic diagrams and Hα equivalent widths of order 0.1 − 3Å. We test the sensitivity of LIERlike emission to the details of post-AGB models, including the mass loss efficiency and convective mixing efficiency, and show that line strengths are relatively insensitive to post-AGB timescale variations. Finally, we examine the UV-optical colors of the models and the stellar populations responsible for the UV-excess observed in some ETGs. We find that allowing as little as 3% of the HB population to be uniformly distributed to very hot temperatures (30,000 K) produces realistic UV colors for old, quiescent ETGs.
INTRODUCTION
Early type galaxies (ETGs) are usually assumed to be gas-poor, passively-evolving systems. However, we know that ETGs can also harbor reservoirs of diffuse ionized gas (e.g., Sarzi et al. 2006; Singh et al. 2013; Kehrig et al. 2012; Papaderos et al. 2013) . The source of ionization in these systems has long been debated, with explanations that include the heat transfer from hot to cold gas (Heckman 1981) , shock waves (Koski & Osterbrock 1976; Dopita & Sutherland 1995; Allen et al. 2008) , central active galactic nuclei (AGN; Ferland & Netzer 1983; Halpern & Steiner 1983; Heckman et al. 1998; Ho 1999; Kauffmann et al. 2003; Kewley et al. 2006; Ho 2009 ), or evolved stellar sources (Binette et al. 1994; Taniguchi et al. 2000) . Current research supports the view that gas excitation in ETGs on extended, kpc scales is driven by photoionization from evolved stars and fast shocks, with additional contributions from lowluminosity AGN on nuclear scales (e.g., Pandya et al. 2017) .
The low-ionization emission was originally discovered in the nuclear regions of galaxies and attributed to AGN-related activity (for a recent review, see Filippenko 2003) . However, spatially resolved spectroscopy has revealed that low-ionization emission regions (LIERs) are not always centrally concentrated and instead can be spatially extended over ∼kpc scales (Goudfrooij et al. 1994; Macchetto et al. 1996; Sharp & Bland-Hawthorn 2010; Kehrig et al. 2012; Papaderos et al. 2013; Singh et al. 2013; James & Percival 2015; Belfiore et al. 2016; Gomes et al. 2016) . While central LIER emission is likely still attributable to low-luminosity AGN activity (e.g., Kormendy & Ho 2013) , it has been suggested that hot evolved stars, which are the primary source of ionizing photons when main sequence stars are absent, are responsible for the spatially-extended LIER emission (Binette et al. 1994; Stasińska et al. 2008; Sarzi et al. 2010; Yan & Blanton 2012; Woods & Gilfanov 2014; Johansson et al. 2016) .
There are two main candidates for non-main sequence (MS) stars that are hot enough while also being either luminous or numerous enough to power significant ionization. The first are extreme horizontal branch (EHB) stars, a subgroup of HB stars, the evolutionary stage immediately following the Red Giant Branch (RGB) phase. Stars with initial masses between 0.8 and 2 M undergo a helium flash and begin core helium fusion on the HB. However, the subset of stars that experience more mass loss during their RGB evolution begin their HB phase with less massive hydrogen shells, producing hot or "extreme" HB stars. These stars are relatively faint when compared to other possible ionizing sources (50−100 L ) but are very numerous and relatively long-lived, with lifetimes ∼ 10 8 years. The second stellar candidate is post-Asymptotic Giant Branch (AGB) stars, which are stars with initial masses between 0.8 and 8 M that have left the AGB and are evolving horizontally across the HR diagram towards very hot temperatures (∼ 10 5 K) before cooling and fading to become white dwarfs. Although they are not as long-lived as EHB stars (∼ 10 3 − 10 7 years), post-AGB stars are much more luminous (L bol = 10 2−4 L ) and possibly hotter (see reviews in O'Connell 1999; Grevesse et al. 2010 ; also Bressan et al. 2012) .
Between extreme HB and post-AGB stars, post-AGB stars are the more promising source of ionizing photons. Nominally, blue HB (BHB) stars have temperatures between 12,000 and 20,000 K, which is not hot enough to ionize hydrogen. Extreme HB (EHB) stars have temperatures in excess of 20,000 K, and are hot enough to ionize hydrogen. However, HB morphology varies considerably from system to system, and significant EHB populations are not a widespread phenomena (see recent review in Catelan 2009 ). While EHB stars may contribute to the ionizing photon budget in ETGs, these stars are not likely to be the dominant source of ionizing photons. Moreover, as large populations of EHB stars are relatively uncommon, it would be challenging to explain the prevalence of LIER-like emission in ETGs (∼ 30%, Yan 2018a).
We note that as an ionizing source, the term "post-AGB" sometimes encompasses a broader category of hot evolving stars that includes early-AGB stars, AGB-Manque stars, preplanetary nebulae and white dwarfs (Stasińska et al. 2008) . Alternative terms for this larger category include "hot old low mass evolved stars" (HOLMES; Cid Fernandes et al. 2011) and "hot post-horizontal branch stars," (HPHB; Rosenfield et al. 2012) .
There have been a few attempts to use photoionization modelling to explore the origin of LIER-like emission. Some of these studies have focused on establishing that the population of post-AGB stars in a typical ETG are capable of producing the raw number of ionizing photons required to reproduce observed Hα equivalent widths. A bulk accounting of the ionizing radiation produced by post-AGB stars indicates Hα equivalent widths of order a few angstroms (Maraston 2005; Cid Fernandes et al. 2011; Belfiore et al. 2016; Gomes et al. 2016) . Other studies have focused on reproducing emission line ratios observed in LIER-like galaxies, which is mainly sensitive to the hardness of the post-AGB star spectral energy distribution (SED; e.g., Binette et al. 1994; Stasińska et al. 2008; Hirschmann et al. 2017 ). In Byler et al. (2017) , we demonstrated that our nebular model was able to reproduce LIER-like emission line ratios using old stellar populations where HPHB stars are the dominant ionizing source. This work confirmed that current stellar evolution models and stellar atmospheres are capable of producing appropriately hard ionizing spectra. These studies provide useful insight into the physical origin of observed optical line ratios, but do not reveal anything about the nature of LIER-like emission or post-AGB stars as the dominant ionizing source, nor do they show simultaneous consistency with the broader emission from the larger HPHB population.
Typically, the models used for stars during the post-AGB phase are computed separately from the rest of the stars' evolution. However, in the MESA Isochrones & Stellar Tracks (MIST; Dotter 2016; Choi et al. 2016) , stellar evolution for low-mass stars is continuously computed from the pre-main sequence phase to the end of white dwarf (WD) cooling phase. The temperatures, luminosities, and lifetimes associated with the post-AGB phase are thus a natural prediction of the stellar models. These models produce colors that are well-matched with observations throughout their evolution (Choi et al. 2016) .
In this work, we build on the work from Byler et al. (2017) , who paired the population synthesis models from the Flexible Stellar Population Synthesis code (FSPS; Conroy et al. 2009 ) with photoionization models from Cloudy (Ferland et al. 2013) to self-consistently model the flux from galaxies. We use this model to produce the first prediction of LIER-like emission from post-AGB stars that is based on fully self-consistent stellar and photoionization modelling. As we show here, this model can simultaneously reproduce the nebular emission signatures of star forming galaxies and LIER-like emission signature observed in ETGs. We also show that this model accurately reproduces the optical properties observed in the ETG population.
We describe the stellar and nebular model in §2. We introduce the ionizing radiation produced by hot evolved stars in §3, and demonstrate that our models produce LIER-like equivalent widths ( §4.1) and emission line ratios ( §4.2). Our conclusions are summarized in §5.
DESCRIPTION OF MODEL
We use the publicly available CloudyFSPS 1 (Byler 2018) code from Byler et al. (2017) to compute the line and continuum emission for stellar populations from FSPS using the photoionization code Cloudy. The nebular model is described in detail in Byler et al. (2017) , but we briefly summarize the process of generating model spectra in this section. We describe the stellar models in §2.1 and the nebular model in §2.2. Choi et al. 2016) , single-star stellar evolutionary models which include the effect of stellar rotation. The evolutionary tracks are computed using the publicly available stellar evolution package Modules for Experiments in Stellar Astrophysics (MESA v7503; Paxton et al. 2011 Paxton et al. , 2013 Paxton et al. , 2015 and the isochrones are generated using Aaron Dotter's publicly available iso package on github 5 . The MIST models cover ages from 10 5 to 10 10.3 years, initial masses from 0.1 to 300 M , and metallicities in the range of −2.0 ≤ [Z/H] ≤ 0.5. Abundances are solarscaled, assuming the Asplund et al. (2009) protosolar birth cloud bulk metallicity, for a reference solar value of Z = 0.0142. A complete description of the models can be found in Choi et al. (2016) .
2.1.
In the MIST models, stellar evolution is continuously computed from the pre-main sequence phase to the end of white dwarf (WD) cooling phase or the end of carbon burning, depending on the initial stellar mass and metallicity. We note that the post-AGB phase in the MIST models is faster and brighter than the com-monly used post-AGB stellar evolution models from Vassiliadis & Wood (1994) . However, the post-AGB timescales in the MIST models are consistent with those calculated by Miller Bertolami (2016) and Weiss & Ferguson (2009) , which are a factor of 3 − 10 times shorter than older post-AGB stellar evolution models (Vassiliadis & Wood 1994; Bloecker 1995) .
We are primarily concerned with the evolution of low-and intermediate-mass stars in this work, especially at late times; we briefly summarize key model parameters that affect the evolution of these stars. Mass loss for stars with initial masses below 10 M is treated with a combination of the Reimers (1975) prescription for the red giant branch (RGB) and the Bloecker (1995) prescription for the AGB. Both massloss schemes are based on global stellar properties such as the bolometric luminosity, radius, and mass:
in units of M · yr −1 , and where η R and η B are factors of order unity. The MIST models adopt η R = 0.1 and η B = 0.2 to match the initial-final mass relation (Kalirai et al. 2009 ) and the AGB luminosity functions in the Magellanic Clouds (Rosenfield et al. 2014 ).
Spectral library -We combine the MIST tracks with a new, high resolution theoretical spectral library (C3K; Conroy, Kurucz, Cargile, Castelli, in prep) based on Kurucz stellar atmosphere and spectral synthesis routines (ATLAS12 and SYNTHE). The spectra use the latest set of atomic and molecular line lists and include both lab and predicted lines. The grid was computed assuming the Asplund et al. (2009) solar abundance scale and a constant microturbulent velocity of 2 km s −1 .
We supplement the C3K library with alternative spectral libraries for very hot stars and stars in rapidly evolving evolutionary phases. In this work, we are primarily interested in the hot, evolved stars that are capable of producing hydrogen-ionizing radiation. The post-AGB stars use non-LTE model spectra from Rauch (2003) . We use the H-Ni composition library, which has two metallicities: solar and 10% solar. The 10% solar metallicity spectra are applied to populations with metallicities log 10 Z/Z = −0.5 and lower.
The nebular model
We use the Cloudy nebular model implemented within FSPS to generate spectra that include nebular line and continuum emission, described in detail in Byler et al. (2017) . The nebular model is a grid in (1) simple stellar population (SSP) age, (2) SSP and gas-phase metallicity, and (3) ionization parameter, U 0 , a dimensionless quantity that gives the ratio of ionizing photons to the total hydrogen density.
The default settings of the CloudyFSPS model are most appropriate for modeling Strömgren sphere emission in H ii regions powered by young massive stars. Extended LIER emission, however, has two significant differences we must account for. First, unlike young massive stars, we can no longer assume that the gas and ionizing stars have the same metallicity, given that the stars are much older than the surrounding gas. Second, the gas geometry is quite different. We discuss the modifications we have made to deal with these two issues.
Stellar and gas phase abundances
For young stellar populations, the stars and the surrounding nebular gas should have nearly identical chemical compositions. In early type galaxies, it is much more likely that the interstellar gas has experienced significant processing over the several billion years since the formation of post-AGB star progenitors. The interstellar gas has been mixed with material lost through winds from low-and intermediate-mass stars, and enriched in carbon, nitrogen and dust (e.g., Griffith et al. 2019 ).
Fiducial gas-phase abundances -The gas phase abundances used in this work follow the Byler et al. (2018) nebular model, which we briefly describe here. In this work, we assume that the gas is metal-rich, with a solar oxygen abundance (12+log 10 (O/H) = 8.69). For most elements we use the solar abundances from Grevesse et al. (2010) , based on the results from Asplund et al. (2009) , and adopt the depletion factors specified by Dopita et al. (2013) . To set the relationship between N/H and O/H we use the following equation from Byler et al. (2018) : 
Both the N/H and C/H relationships with O/H were modified from the empirically calculated Dopita et al. (2013) relationships to better match observations of star-forming galaxies below 12 + log 10 (O/H) = 8.
For 12 + log 10 (O/H) = 8.69, this corresponds to log 10 (N/O) = −1.09 and log 10 (N/O) = −0.26, including the effects of dust depletion, typical of galaxies with 12+log O/H = 8.7 (e.g., Belfiore et al. 2017a) .
Unlike in the Byler et al. (2018) model, here, the same gas phase abundances are used regardless of the stellar metallicity. The exact elemental abundances are given in given in Table 1 .
α-enhanced gas -We also test a second abundance set, the "+αCN" abundance set, which is enhanced in elements produced by low-and intermediate-mass stars. We modify the solar metallicity abundances from Table 1 in two distinct ways to mimick LIER-like emission conditions.
First, early-type galaxies are known to have "α-enhanced" abundance ratios. Using the abundances from Table 1 as a starting point, we enhance the gas phase abundances of O, Ne, Mg, Si, S, Ar, and Ca by +0.2 dex, typical for a massive elliptical galaxy with log σ = 2.3 km s −1 (e.g., Zhu et al. 2010; Conroy et al. 2014; Choi et al. 2014) .
Second, LIER-like emission may be produced in gas clouds that are quite close to the ionizing post-AGB stars, and could thus contain ejecta from AGB star winds. There is evidence that nucleosynthetic processing by low-and intermediate-mass stars does not alter the alpha abundances, but does enhance He, N and C abundances compared to typical H ii regions (Karakas 2010; Maciel et al. 2017) . We enhance C and N relative to O following Henry et al. (2018) : log 10 (N/O) = −0.5 and log 10 (C/O) = 0 for the α-enhanced 12 + log O/H = 8.89.
Including the effects of dust depletion, this corresponds to log 10 (N/O) = −0.48 and log 10 (C/O) = −0.23. The exact "+αCN" abundances are given in Table 1 .
We note that the +αCN abundance set is distinct from what one would obtain using the Byler et al. (2018) model abundance prescription at 12 + log O/H = 8.89, which would produce log 10 (N/O) = −0.89 and log 10 (C/O) = −0.05 including depletion (i.e., simply scaling with oxygen abundance and accounting for secondary nucleosynthetic production mechanisms for nitrogen). To reproduce the N/O ratios observed in LIER-like early-type galaxies from Yan (2018b) (−0.74 log 10 (N/O) −0.39) requires substantial enrichment in nitrogen relative to oxygen, roughly 0.2-0.4 dex larger than those seen in typical star-forming galaxies.
In this work we focus on gas in ETGs that is internally supplied or has undergone significant chemical processing from low-and intermediatemass stars. There is strong evidence that the gas in a fraction of ETGs has an external origin (e.g., Davis et al. 2011; Belfiore et al. 2017b ). There are different proposed sources for this gas, including HI accretion (e.g., Oosterloo et al. 2010 ) and dust accretion (e.g., Rowlands et al. 2012) , each of which would produce different predictions for elemental abundance patterns than those used here.
Gas and star geometry
In Byler et al. (2017) we tested the sensitivity of emission line ratios to the assumed geometry by running models at several different ionization parameters, varying n H from 10 − 1000 cm −3 , and varying the inner radius of the gas cloud from 10
18 −10 20 cm (0.3−30 pc). We found that the BPT line ratios produced by the post-AGB star models showed little sensitivity to the stargas geometry, a result of our simplified model in which the gas exists in a plane-parallel shell surrounding a central point source of ionizing radiation. If the gas is produced by the AGB stars themselves or has a spatial distribution that differs from the distribution of stars, the geometry will differ substantially from the simplified shell used in this early work.
We modify our treatment of gas geometry by assuming the gas in early-type galaxies is much more diffuse and extended than that found in star-forming galaxies. Ionization parameters estimated from emission lines indicate much lower ionization parameters, log 10 U 0 = −5 to log 10 U 0 = −3.5, indicating that the gas has lower densities and is physically further from the ionizing sources than in star-forming galaxies (e.g., Binette et al. 1994; Yan & Blanton 2012) . Density estimates in early-type galaxies show typical gas densities of 1 − 100 cm −3 (e.g., Johansson et al. 2016; Yan 2018a ), compared to the 10 − 1000 cm −3 more typical of star-forming galaxies .
In this work we encompass these geometric extremes by running models with radii of R inner = 3, 30 pc (10 19 , 10 20 cm) and n H = 1,10,100 cm −3 . These geometries require initial stellar masses of ∼10 6−8 M to produce ionization parameters between 10 −5 and 10 −3 .
EMISSION FROM HOT EVOLVED STARS
3.1. Overview
In Fig. 1 , we show the UV-optical spectrum produced by an old (10 Gyr) and relatively young (0.1 Gyr) instantaneous burst population. The top panel shows the total SED for solar (yellow) and 10% solar metallicity (blue) stellar populations. Unsurprisingly, the young population is more luminous and has bluer GALEX (Martin et al. 2005 ) UV colors than the old population at all metallicities. For a given age, metallicity does significantly change the UV colors, with metal-poor populations producing bluer GALEX colors. However, at old ages, metallicity has very little effect on the SED blueward of the hydrogen ionization energy.
The bottom panel of Fig. 1 shows the total solar metallicity SED broken down by the relative contribution from stars with different initial stellar mass, at 0.1 Gyr (left) and 10 Gyr (right). For the young population, stars with initial mass above 5 M are entirely responsible for producing photons capable of ionizing hydrogen and helium. However, those same stars contribute very little to the UV and optical flux, which are dominated by the flux from stars with initial masses between 1 and 3 M . In contrast, at 10 Gyr the stars that dominate the ionizing photon budget have very similar masses to the stars that dominate the UV flux, with initial masses between 1 and 2 M .
To understand the origin of this UV emission, Fig. 2 shows the 10 Gyr spectrum broken down by stellar evolutionary type at 10% solar (left) and solar (right) metallicity. We plot the fractional contribution to the total flux from main sequence (MS), red giant branch (RGB), Figure 1 . The UV-optical spectrum for instantaneous bursts. Top row: The total SED for 10% solar (blue) and solar metallicity (yellow) populations at at 0.1 Gyr (left) and 10 Gyr (right). Bottom row: The solar metallicity SED broken down by the relative flux contribution from stars of different initial stellar masses. In the top row, we overlay the transmission of the GALEX FUV, NUV and SDSS r-band filters. In all panels, the dashed lines indicate the ionization energy of helium (E ≥ 24.6 eV or λ ≤ 504Å) and hydrogen (E ≥ 13.6 eV or λ ≤ 912Å). In old stellar populations, the stars responsible for producing hydrogenionizing radiation are similar to the stars that dominate the UV and optical light (1 M < M i < 2 M ). The spectrum blueward of the hydrogen ionization energy does not vary strongly with metallicity.
horizontal branch (HB), AGB, and post-AGB stars, as designated by the phases tagged in the MIST isochrone tables. The AGB label includes the contribution from both early-AGB and thermally pulsing-AGB (TP-AGB) phases. We omit the WR phase from the plot, as these stars are present for 5 Myr in instantaneous burst populations. At both metallicities the optical light is dominated by main sequence and RGB stars.
We first consider the UV but non-ionizing flux. In general, main sequence stars still dominate the GALEX NUV band, even at 10 Gyr, while post-AGB stars dominate the FUV band flux. The populations that drive the UV colors will change with metallicity, since metallicity can change the temperature and lifetime of various stellar phases. At solar metallicity, post-AGB stars are responsible for ∼ 98% and ∼ 10% of the FUV and NUV flux, respectively. In the low metallicity model, the hotter main sequence stars contribute a higher fraction of the total flux in the GALEX FUV and NUV filters, decreasing the post-AGB contribution to ∼ 90% and ∼ 1%, respectively. 
Ionizing properties
We now consider the ionizing flux produced by old stellar populations. As seen in Fig. 2 , for a 10 Gyr SSP, the post-AGB stars are responsible for all of the flux produced at energies sufficient to ionize hydrogen and helium.
This ionizing flux evolves with time, as different stellar sources dominate the emission, as we show in the top row of Fig. 3 , broken down by stellar evolutionary type. The left column shows the time evolution of Q H , the number of photons emitted per second that are capable of ionizing hydrogen (E ≥ 13.6 eV or λ ≤ 912Å) while the right column shows the time evolution of Q He , the number of photons emitted per second that are capable of ionizing helium (E ≥ 24.6 eV or λ ≤ 504Å).
For the single-star MIST models, main sequence stars dominate the ionizing photon budget for nearly 100 Myr, with the exception of a brief but intense contribution from Wolf-Rayet (WR) stars at 2 − 4 Myr (log t ∼ 6.5). The first post-AGB stars appear after a few hundred Myr. These stars are quite hot and dominate both the hydrogen-and helium-ionizing flux once they appear. At all metallicities, post-AGB stars make up more than 95% of the ionizing flux after ∼ 200 Myr, while HB stars never contribute more than 10%.
The bottom row of Fig. 3 shows the total ionizing flux evolution for 10% solar (blue) and solar (yellow) populations. Q H and Q He decline steadily and by orders of magnitude as the young, massive stars evolve off of the main sequence. Q H plateaus after ∼100 Myr as the first post-AGB stars appear, but at a level that is more than 10 5 times smaller than the initial burst. The evolution of helium ionization is somewhat different. Q He also declines by orders of magnitude over the first hundred million years, however, because post-AGB stars can have temperatures akin to late O-type or early B-type stars (15,000-50,000 K), Q He rises after 100 Myr. The He-ionizing photon flux is , and Wolf-Rayet (WR) stars. After the massive MS and WR stars have died, post-AGB stars provide the bulk of the ionizing radiation. These stars are hot enough to ionize both hydrogen and helium, but produce ionizing photon rates that are 10 5 times lower than MS stars, requiring large numbers of stars to produce substantial Hα flux. Binary evolution can potentially extend the initial ionizing phase to ∼ 10 − 20 Myr. Bottom row : Q H and Q He for stellar populations at 10% solar (blue) and solar metallicity (yellow). The inset figure in the lower left panel shows the linear evolution in Q H for old stellar populations (t 1 Gyr). For young stars, the metal-poor populations have higher ionizing photon rates and extended main-sequence lifetimes. For older populations, the evolution of Q H and Q He is largely independent of metallicity, because the temperature evolution of post-AGB stars is an aging process rather than a metallicity-driven process.
still 10
5 times smaller than during the initial burst, however.
For young, massive stars, Q H changes with metallicity, since metal line blanketing in the atmospheres of stars reduces the amount of emergent flux in the UV. In contrast, the late time evolution of Q H and Q He is largely independent of metallicity, when post-AGB stars dominate the ionizing flux. This is a result of the fact that post-AGB models occupy a narrow range of luminosities, and the temperature evolution is driven by aging rather than by a metallicitydriven process.
UV-optical colors
While the optical colors of ETGs have been well characterized, the UV colors of ETGs are much more uncertain. ETGs with similar morphologies and optical colors can display a wide range of UV colors (e.g., Yi et al. 2005; Kaviraj et al. 2007; Schawinski et al. 2007 ). Here, we briefly explore the UV properties of our models and compare them to observed ETG colors. Fig. 4 shows the F U V − N U V vs. N U V − r color-color diagram for the ∼ 3500 ETGs from Hernández-Pérez & Bruzual (2014), selected from SDSS using morphological criteria, with additional spectroscopic cuts to exclude young stellar populations and AGN. The vertical dashed line at N U V −r = 5.4 shows the blue limit of the galaxy red sequence, where galaxies to the left of the line have some residual star formation and galaxies to the right are truly quiescent. The horizontal line at F U V − N U V = 0.9 divides the red quiescent galaxies into normal, UV-weak ETGs and UV-upturn galaxies. Galaxies in the lower right quadrant are red sequence ETGs with a "UV excess" (UVX; Smith 2014), while galaxies in the lower left are thought to have blue UV colors originating from residual star formation (RSF).
In Fig. 4 the yellow and blue lines show our fiducial model at solar and 10% solar metallicities, for instantaneous bursts of SF (solid lines) and exponentially declining SF with τ = 0.5 Gyr (dashed lines) between 3 and 14 Gyr. Our fiducial models are able to reproduce the observed colors of UV-weak ETGs and ETGs with residual star formation. However, the models are not blue enough in F U V − N U V to adequately reproduce the colors of ETGs with a UV excess.
Making the models bluer in F U V − N U V to move them into the UVX region requires adding flux primarily to the F U V filter without adding flux to the N U V or r bands. This change roughly corresponds to adding stars with temperatures between 20,000 and 30,000 K, which can be achieved by simply changing the morphology of the horizontal branch stars to include BHB or EHB stars (T eff ≥20,000 K). Within FSPS, these stars can be added with the fbhb parameter, which takes the specified fraction of HB stars and uniformly redistributes their temperatures up to T eff = 10 4.5 K (∼30,000 K 6 ). In Fig. 4 , instantaneous burst models with F BHB > 0 are shown with solid purple lines. Including a BHB population moves the models to bluer F U V −N U V colors, towards the center of the observed ETG locus. Even a small fraction of BHB stars (∼3%) can successfully move the model into the UVX portion of the diagram. However, once BHB stars dominate the F U V flux (F BHB ∼ 0.1), the colors do not get any bluer,saturating near F U V − N U V = 0.2. Further increases in fbhb move the models to bluer N U V − r colors at similar F U V − N U V colors, masquerading as residual SF. This behavior is particular to the specific BHB implementation in FSPS, which adopts a uniform distribution in temperature between 7,000 K and 30,000 K. We note that populating the UVX region of Fig. 4 requires stars with temperatures higher than 20,000 K; BHB models with a maximum temperature of 20,000 K do not produce enough F U V flux.
In the current implementation, these hot HB stars have no discernible affect on the predicted ionizing photon budget. Within this context, the post-AGB stars produce the ionizing radiation necessary for LIER-like emission, while the hot HB stars drive the FUV and NUV behavior. We note, however, that this may not be the case for other, generative HB models (e.g., Yaron et al. 2017) . 6 We note that the original implementation of fbhb in FSPS was limited to temperatures up to T eff = 10 4 K; we increased this to T eff = 10 4.5 K to better represent the observed range of BHB and EHB temperatures. (2014), with ETGs shown as grey circles. The vertical dashed line at N U V −r = 5.4 separates red-sequence galaxies, and the horizontal line at F U V − N U V = 0.9 shows the boundary of classic UV-upturn galaxies from Smith (2014) . We show the fiducial post-AGB star model for solar (yellow) and 10% solar (blue) metallicities, between 3 Gyr (circle) and 14 Gyr. The solid lines represent instantaneous burst models, while the dashed lines represent models with τ = 0.5 Gyr. The purple lines show instantaneous burst models where the fraction of blue HB stars is modified from the fiducial model. The post-AGB stars responsible for nebular emission cannot be wholly responsible for the UV excess in some ETGs. However, even a small population of blue HB stars can produce a UV excess-like signature.
GAS IONIZED BY HOT EVOLVED STARS

Emission line equivalent widths
To measure Hα equivalent widths from our models, we largely follow the observational methodology of Belfiore et al. (2016) , who measured Hα equivalent widths in LIER galaxies with the Mapping Nearby Galaxies at APO survey (MaNGA; Bundy et al. 2015) . In broad terms, the process involves subtracting the Balmer absorption due to the best-fit stellar continuum, and then fitting the residual emission with a Gaussian. In practice, our methodology differs from this slightly, since we are measuring model equivalent widths with a perfect knowledge of the underlying stellar continuum.
In detail, the process is as follows. We generate two spectra with FSPS, one that includes nebular emission lines and one that does not. We use the "non-emission" spectrum as the best-fit stellar continuum. FSPS returns F λ in L /Å, which we convert to cgs units (erg/s/cm −2 /Å) by arbitrarily assuming a mass of 6 × 10 10 M , typical of a massive early-type galaxy, and a distance of 10 Mpc. For both spec-tra, we scale the flux to the median flux in the continuum spectrum as measured in the 6000-6200Å range and subtract the continuum spectrum from the emission spectrum.
We fit the resultant scaled emission-lineonly spectrum with scipy.optimize.curvefit (Jones et al. 2001-) using a 3-parameter Gaussian function of the form:
such that the integrated flux in the Gaussian is simply √ 2π · ac, an equivalent width with units ofÅ.
In Fig. 5 we show the Hα equivalent width as a function of time for single-aged populations after an initial burst of SF, at 10% solar and at solar metallicity. Unsurprisingly, Hα equivalent widths are largest at young ages, when hot, young stars produce copious amounts of ionizing radiation and strong Hα emission is on top of a weaker optical stellar continuum. At the same young age, equivalent widths for metal-poor populations are larger, due to the harder ionizing spectra of metal-poor stars. The metal-poor populations also have longer mainsequence lifetimes, producing larger equivalent widths for several Myr longer than the solarmetallicity population.
In general, the Hα equivalent widths in Fig. 5 decline with time until ∼100 Myr, when the first post-AGB stars appear. After ∼1 Gyr, equivalent widths increase as the population of post-AGB stars grows more quickly than the stellar continuum fades. The elevated Hα equivalent widths seen in the 10% solar population just before log t ∼ 8 reflect the prolonged MS timescales associated with low-metallicity populations. In these populations, the final hot MS stars briefly overlap with the onset of the post-AGB phase until ∼100 Myr.
Equivalent widths measured in typical LIERlike galaxies are typically 3Å (Cid Fernandes et al. 2011 ). In Fig. 5 , the dotted line shows the median Hα equivalent width from the Yan (2018a) sample of LIER-like red quiescent galaxies (0.4Å), while the grey shaded region shows the extent of the 25 th and 75 th percentiles (0.05Å and 0.9Å, respectively (Yan 2018a, private communication) .
At late times (log t 9), our models produce equivalent widths consistent with observed LIERs. The solar and 10% solar metallicity models produce equivalent widths between 0.2 − 2.5Å over the range of ionization parameters probed, with a median equivalent width of 0.5Å, in good agreement with Yan (2018a) . This is the first successful prediction for emission line equivalent widths using stellar models where the post-AGB stars have been fully modeled from the main sequence through the post-AGB phase.
Noise in stellar models -We note that the emission line predictions are sensitive to the hardness of the ionizing spectrum, and thus the exact spread of stellar temperatures and luminosities found in the isochrone. From Fig. 5 , at late times the equivalent widths fluctuate at the ∼10% level. The general behavior of the equivalent widths is quite robust, while the fluctuations are not necessarily representative of the bulk properties of the stellar population.
The fluctuations have two main sources, which we discuss in turn. The first effect is numerical, driven by interpolation amongst stellar evolution tracks during the isochrone construction process. Stochastic failures of stellar evolution tracks are caused by gaps in the grids of tracks and lead to numerical noise in the isochrones. This behavior is especially prevalent for late phases of stellar evolution, like the post-AGB phase.
The second source of fluctuations is driven by changes in the stellar physics. There is stochasticity in the TP-AGB and post-AGB phases themselves, wherein some tracks have a late thermal pulse or leave the AGB mid-pulse, Figure 5 . Time evolution of Hα equivalent widths-Single-aged populations are shown at 10% solar (blue) and solar metallicity (yellow). Solid lines show models with log 10 U 0 = −3 and dashed lines show models with log 10 U 0 = −6. The post-AGB stars are responsible for the increase in Hα EW seen at log t 9. The dotted line shows the median Hα EW from the Yan (2018a) sample of LIER-like red quiescent galaxies (∼0.4Å), while the dark grey region shows the 25 th and 75 th percentiles (0.05Å and 0.9Å, respectively).
which leads to different behavior in the post-AGB evolution. While not unphysical, these tracks are not representative of the bulk evolution properties and can be quite sensitive to the adopted model physics 7 . For the models shown here, we have visually inspected each isochrone and flagged those isochrones with clear numerical issues or tracks with unrepresentative evolutionary pathways. We do not include these isochrones in the final analysis. The total number of flagged isochrones is small, 14% for the solar metallicity models. Generally, these models show a rapid and brief increase in Hα equivalent width (by as much as 1-2 dex over log t = 0.05 timescales). The inclusion of these models would skew the reported median Hα equivalent width to higher values by 0.1-0.2Å, however we emphasize that the qualitative conclusions of this work would not change.
Dependence on the underlying SFH
For young stellar populations in H ii regions, it is typical to measure Hα fluxes, since these can be tied directly to the mass of recently formed stars. For old stellar populations it is more typical to measure the flux of Hα relative to the continuum using an equivalent width (EW), which partially removes the dependence on stellar mass. The equivalent width of Hα, however, will depend on the strength of Hα and Figure 6 . The dependence of Hα equivalent widths on the underlying SFH-Left: Time evolution of the hydrogen-ionizing photon flux per solar mass, Q H , for stellar populations with three different SFHs: τ = 0 (instantaneous burst; solid line), τ = 0.1 Gyr (dashed line), and τ = 0.5 Gyr (dotted line). Right: Time evolution of the Hα equivalent width. In both panels the 10% solar metallicity model is shown in blue and the solar metallicity model is shown in yellow. After ∼2 Gyr, the τ = 0.1 Gyr model is indistinguishable from the instantaneous burst in Q H and produces identical Hα EWs. The τ = 0.5 Gyr produces ETG-like colors and LIER-like EWs after 5 − 6 Gyr.
the strength of the underlying stellar continuum at optical wavelengths.
Although it is an oversimplification to model early-type galaxies as a single-age, singlemetallicity population, it is not always an inappropriate representation. To confirm that our results are robust to the choice of SFH, we extend the analysis to include more realistic SFHs, with a delayed-τ model of the form:
for τ =0.1 and 0.5 Gyr, and total stellar mass 10 11 M , typical of quiescent, early-type galaxies (e.g., Thomas et al. 2005; Choi et al. 2014) .
We compare the instantaneous burst models to the delayed-τ models in Fig. 6 . In the left panel, we show the time evolution of Q H , the ionizing photon flux. Looking first at the τ = 0.1 Gyr model, Q H remains elevated compared to an instantaneous burst, as the extended star formation continues to produce young, main sequence stars. After ∼2 Gyr, however, Q H evolves identically to the instantaneous burst model. Similar behavior is found in the τ = 0.5 Gyr model, but the transition to post-AGB dominated Q H occurs over longer timescales: the τ = 0.5 Gyr model follows the instantaneous burst evolution after ∼5 − 6 Gyr.
In the right panel of Fig. 6 we show the time evolution of model Hα equivalent widths. Similar to the behavior seen in Q H , the τ models follow the instantaneous burst model at late times (after approximately 2 Gyr and 6 Gyr for the τ = 0.1 and τ = 0.5 models, respectively).
Hα equivalent widths are proportional to the ratio of Q H , the ionizing photon flux, and inversely proportional to the flux of the underlying stellar continuum. Thus, at late times, the delayed-τ models produce Hα equivalent widths that are indistinguishable from those produced by the instantaneous burst models. Figure 7 . The dependence of Hα equivalent widths on the underlying stellar model-The linear time evolution of Hα equivalent widths for MIST variants at solar metallicity. The filled lines represent the range of equivalent widths produced for models with log 10 U 0 between -6 and -3. Modifying either the mass loss efficiency (orange and red) or the mixing efficiency (teal) change the timescales associated with the post-AGB phase but do not produce significant changes in Hα equivalent width.
Dependence on the underlying stellar models
In the MIST models, the evolution of stars at all masses is continuously computed, from the pre-main sequence phase to the end of white dwarf (WD) cooling phase. This means that we can directly probe the sensitivity of post-AGB star evolution to the various default assumptions in the evolutionary tracks.
In this section we explore modifications to the MIST models that affect the duration and intensity of the post-AGB phase to determine how this alters the resultant nebular emission. We test two variants: the overshoot mixing efficiency and mass loss efficiency. We briefly describe each of these variants in turn.
Overshoot mixing efficiency -In the MIST models, the convective mixing of elements in the stellar interior is implemented using the mixing length theory formalism, as described in Choi et al. (2016) . The mixing is a timedependent diffusive process, which is modified by overshoot mixing across convection boundaries. The method adopted by MIST follows the parametrization of Herwig (2000) , which modifies the diffusion coefficient in the overshoot region through an exponentially decaying diffusion process. The efficiency of that decay is set by f ov , a free parameter that determines the efficiency of overshoot mixing. In this work we use MIST variants where the efficiency of overshoot mixing in the envelope of thermally pulsing (TP)-AGB stars has been increased. The default MIST model has f ov,env =0.0174. Our modified model has f ov =0.0052, corresponding to a 30% decrease in mixing efficiency. We refer to this model as MIST DUPx0.3.
Mass loss efficiency -We modify the MIST mass-loss efficiency factors, η R and η B , the Reimers and Blöcker prescriptions for mass loss on the RGB and AGB, respectively. These prescriptions are based on global stellar properties (bolometric luminosity, radius, initial stellar mass) and are empirically calibrated to match the AGB luminosity function. In the first model variant, both η M and η B are decreased by half (MIST mdotx0.5). In the second model variant, both η M and η B are doubled (MIST mdotx2). We note that doubling the mass loss efficiency factors is not an unreasonable choice. The default MIST model uses η R = 0.1 and η B = 0.2, which increases to η R = 0.2 and η B = 0.4, respectively, in the MIST mdotx2 model. Mass loss efficiency parameters as high as 0.7 have been suggested in some cases (McDonald & Zijlstra 2015) .
We run each of the above MIST variants through Cloudy at solar metallicity using identical input parameters. In Fig. 7 , we show the resultant Hα equivalent widths produced by the MIST variants as a function of time. Across all models, the predicted Hα equivalent widths vary between 0.2 and 0.9Å. In general, the models have very similar evolution, showing Hα equivalent widths that gradually increase with time. Compared to the fiducial model, the equivalent widths from the MIST variants change by at most 30%, and show no obvious trends with time.
There is some evidence that the MIST mdotx2 model produces enhanced Hα equivalent widths over the fiducial model. The variation is small, less than 30%, and a K-S test cannot reject the hypothesis that the fiducial model and the MIST mdotx2 are drawn from the same distribution (p = 0.9).
Both the mixing and mass loss efficiency affect the envelope mass for stars embarking the post-AGB phase, ultimately changing the speed at which a post-AGB star moves horizontally across the HR diagram. We had initially thought that the ionizing properties of post-AGB stars might provide additional constraints on post-AGB star timescales, which in turn could be used to assess the literature contention between post-AGB star lifetimes and the observed number counts of post-AGB stars in nearby galaxies from color-magnitude diagrams (CMDs; e.g., Brown et al. 2008; Rosenfield et al. 2012) .
However, the lack of variation in Hα equivalent widths between the different MIST variants suggests that the ionizing photon budget in old stellar populations is dominated by proto-WD post-AGB stars. Once the post-AGB star reaches its hottest point and turns down to the WD cooling track, timescales are much longer and are instead are governed by the physics of energy loss from the proto-WD. The properties considered here (mass loss efficiency, mixing efficiency) are sensitive to post-AGB CMDcrossing timescales rather than proto-WD cooling track timescales, and are thus unlikely to be connected to the LIER-like emission produced by post-AGB stars.
Emission line ratios
In Fig. 8 we show several emission line diagnostic diagrams that are commonly used to separate objects with different ionizing spectra. The standard Baldwin, Phillips, & Terlevich (BPT; Baldwin et al. 1981) Line ratios from the fiducial model, assuming a solar metallicity ionizing spectrum, solar metallicity gas, and n H = 10 cm −3 . Models between 1 and 14 Gyr are shown, with markers color-coded by age. Bottom Row: Line ratio variations driven by changes gas phase abundances. The fiducial model at 10 Gyr is shown with a blue star. The orange circle shows the same model run with the α−element-, nitrogen-, and carbonenhanced "+αCN" abundance set. We include lines from the literature used to separate emission driven by star formation (SF), active galactic nuclei (AGN), and low-ionization emission regions (LIERs), from Kewley et al. (2001) , Kauffmann et al. (2003) , Kewley et al. (2006), and Cid Fernandes et al. (2010) as described in the text. In the middle and right diagnostic diagrams, the post-AGB models produce line ratios consistent with LIER-like emission. In the standard BPT diagram (left), only models with N-enhanced gas reproduce LIER-like line ratios.
separate objects with different ionizing sources. In the BPT diagram (left panel), the dashed line shows the Kauffmann et al. (2003) separation between SF and composite regions, the solid black line shows the Kewley et al. (2001) separation between AGN and SF, and the diagonal dashed line shows the Cid Fernandes et al. (2010) translation of the Kewley et al. (2006) criteria to separate AGN and LIERs. In the center and right diagrams, we show the Kewley et al. (2006) criteria used to separate SF, AGN, and LIERs.
The top row of Fig. 8 shows line ratios from the fiducial post-AGB star model, which uses a solar metallicity stellar population ionizing spectrum, standard solar gas phase abundances, and a gas phase density of n H = 10 cm −3 . For visual clarity, we do not show results from the low metallicity spectrum, because the ionizing spectra have very similar hardness (see Fig. 1 ), producing gas with similar ionization states and thus similar emission line ratios. Each marker is color-coded by the age of the stellar population, which varies between 1 and 14 Gyr (blue to red). Fig. 8 shows that the models produce a wide range of [O iii]/Hβ ratios for a comparatively narrow range in [N ii]/Hα. The oldest models produce the lowest [O iii]/Hβ ratios, reflecting the decrease in Q H with time (Fig. 3) .
In each of the diagnostic diagrams shown in the top row of Fig. 8 , the fiducial post-AGB star models occupy a region distinct from star forming galaxies. In the middle and right panels, which exclusively use low ionization emission lines, the predicted line ratios are consistent with line ratios observed in LIER-like galaxies. In the traditional BPT diagram (upper left), the model [N ii]/Hα line ratios occupy the so-called "composite" region, with ratios that are larger than those observed in SF galaxies. Unlike the low-ionization diagnostics shown in the middle and right panels, the model line ratios do not fall in the LIER region of the classic BPT diagram. For the range of ionization parameters, gas densities, radii, and stellar ages considered in this work ( § 2.2), there is no combination of model parameters that adequately populates the LIER region of the BPT diagram, suggesting that populating this region would require a change to the fiducial model.
We explore this possibility in the bottom row of Fig. 8 , which shows line ratio variations driven by changes to the fiducial gas phase abundances for a fixed age of 3 Gyr. The fiducial model (shown with the blue star) assumes a solar metallicity stellar population and solar-like gas phase abundances, with n H = 10 cm −3 . The blue circle shows the fiducial model run through Cloudy with the α-, nitrogen-, and carbonenhanced "+αCN" abundance set ( §2.2.1).
The +αCN model shows the biggest shift in line ratios in the classic BPT diagram, where the enhanced nitrogen abundance increases [N ii]/Hα by nearly 0.5 dex, pushing the line ratios well into the LIER region of the diagram. The enhanced +αCN model otherwise produces only second-order effects on other emission line ratios. The +αCN models show slightly lower [O iii]/Hβ ratios, simply due to the cooler nebulae temperatures produced by the increased oxygen abundance. This suggests that ETGs with LIER-like emission have N/O ratios 0.2-0.6 dex larger than what is typically observed in star-forming galaxies, consistent with the findings of Yan (2018a).
CONCLUSIONS
In this work, we present the first prediction of LIER-like emission from post-AGB stars that is based on fully self-consistent stellar models and photoionization modelling. We use these models to characterize the physical origin of LIERlike emission and post-AGB stars as an ionizing source. We summarize our conclusions below.
• For instantaneous bursts, post-AGB stars make up more than 95% of the ionizing flux after ∼100 Myr, while horizontal branch stars never contribute more than 10% of the total ionizing flux, assuming the default FSPS parameters ( §3.2).
• Post-AGB star models produce Hα equivalent widths between 0.1 and 2.5Å. Equivalent widths increase with age, driven primarily by the dimming of the rband continuum as the underlying stellar population ages ( §4.1).
• Post-AGB star models produce emission line ratios distinct from young stellar populations in several emission line diagnostic diagrams. • In the standard BPT diagram, models with enhanced α, C, and N gas phase abundances produce LIER-like line ratios, due to the increased nitrogen abundance. This supports the idea that the gas in LIER-like galaxies is composed of AGB star ejecta and/or has been substantially enriched by low-and intermediate-mass stars ( §4.2).
• Post-AGB stars have very similar ionizing spectra at all metallicities. The similar hardness in the ionizing spectrum produces gas with similar ionization states, thus, emission line ratios from post-AGB stars do not vary much with stellar metallicity. The metallicity of the stellar population does, however, change the measured equivalent widths, since the underlying stellar continuum varies with metallicity, as does the absolute number of ionizing photons produced per solar mass ( §4.1).
• We have tested the sensitivity of the post-AGB phase to several of the default parameters used in the MIST models, including the mass loss efficiency and the overshoot mixing efficiency. Generally, these parameters have only a small effect on the bulk ionizing properties of post-AGB stars. Increased mass loss efficiency increases the resultant Hα equivalent widths, but only by 10-30%. The lack of variation in Hα equivalent widths between the different MIST variants suggests that the ionizing photon budget in old stellar populations is dominated by proto-WD post-AGB stars ( §4.1.2).
• Post-AGB stars as implemented in MIST are capable of driving LIER-like emission, and contribute to the UV-excess observed in ETGs. For the set of models presented here, we find that the UVX region of the F U V −N U V versus N U V −r diagram can only be populated by including a small population of blue HB stars. These stars do not contribute significantly to the ionizing photon budget, but drive substantial changes in the UV flux ( §3.3).
We have demonstrated that the self-consistent stellar models for post-AGB stars have optical properties consistent with ETG galaxies and produce LIER-like emission. The UV colors of ETGs present a much more puzzling picture, however. We plan to study the detailed UV properties of galaxies with LIER-like emission in more detail in future work.
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